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Abstract 

<n : 

Strangeness plays an important role in the study of quark matter since it indicates the 
. rate at which new particles are being produced and therefore provides information about 

the degree of chemical equilibration reached in heavy ion collisions. It is shown that 
ratios provide an excellent method for determining the temperature and the chemical 
potential since many theoretical uncertainties cancel out. All indications are that particle 
abundances are very close to chemical equilibrium. The amount of strangeness present in 
S — S collisions is very close to the one corresponding to chemical equilibrium. Deviations 
Q\ • are at the 30% level. 

H— > ■ 

^ ! 1 Introduction 

s : 

Considerable efforts have been made to determine the abundance of strange and other particles 
in ultra-relativistic heavy ion collisions in order to establish the composition of the final state 
and to infer about the history of the produced system |], ^, [|. Due to the complexity of the 
final state it is natural to attempt a statistical description based on the hadronic gas model. 



This has been done by several groups recently with considerable success ||, |], ||, [7|, [|, |9], [U], [LI 



Since the hadronic gas model uses statistical weight factors there are only very few parame- 
ters to describe the freeze-out stage of the produced system. In the Boltzmann approximation 
the number of particles of type i, N®, is given by 

d 3 p 
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K 2 {m t /T)e^' T (1) 



where gi is the degeneracy factor and the index i refers to the particle species under consider- 
ation. The corresponding particle density will be denoted by n° = Nf /V. 

*Talk presented at the "Third International Conference on Physics and Astrophysics of Quark-Gluon 
Plasma", March 17-21, Jaipur, India. 
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In the hadron gas model [12 one assumes that all hadronic resonances contribute according 
to their statistical weight factors. At freeze-out all hadronic resonances decay into the lightest 
stable particles. All these decays are taken into account by using the known branching ratios. 



N„+ =Y,N?Br{i^nr+) (2) 

i 

Figure 1 gives an indication of the importance of resonances. In this figure we plot the ratio 
of thermal pions over the number of all pions (i.e. including those coming from resonance 
decays). If the temperature is low, resonances are unimportant and the ratio is approximately 
one. However at a temperature of T = 200 MeV this ratio is down to the 10% level. Thus to 
a good approximation there are no thermal pions if the temperature is above 200 MeV . 

For a realistic comparison with experimental data it will be necessary to modify the above 
expression in several ways: to name but a few, the fireball will not be produced at rest, there 
will be hard core interactions, there could be a superposition of fireballs, flow effects 0, Q etc... 
The expression for the particle number given above will thus have to be modified. We will show 
below that many of these effects however cancel out when considering hadronic ratios. Thus if 
TVj is the particle number taking into account various effects, then in many cases one will have 
the remarkable result 

Ni N° 

where iVj refers to the particle abundance inclusive of effects due to flow, transverse expansion, 
excluded volume while N® is the particle abundance calculated in a straightforward manner 
using Boltzmann statistics without modification, as given above. This is of course not always 
the case but for several interesting cases which have been widely discussed it is. Therefore 
hadronic ratios can be used to determine basic thermodynamic quantities like the freeze-out 
temperature and baryon chemical potential in a way which is free from many distortions (e.g. 
transverse flow). We will consider in particular the following : 1) excluded volume corrections 
cancel out if the particle ratios involve an integration over An, 2) the effects due to a superpo- 
sition of fireballs cancel out for ratios provided the abundances are integrated over all values of 
rapidity, 3) the effects of flow arising from instantaneous freeze-out cancel out if one considers 
ratios integrated over transverse momenta, 4) for Bjorken longitudinal expansion accompanied 
by transverse flow, the effects cancel out if one considers particle numbers integrated over all 
transverse momenta. 

Before discussing this in more detail we present quantitatively what is meant by chemical 
equilibrium. 



2 Chemical Equilibrium 

Hadronic matter has a certain composition of particle species, characterized by "chemical" 
potentials. In addition to the baryon number chemical potential, /ig, we have a strangeness 
chemical potential, fi$, and also a charge chemical potential /xq.. The value of /x# is fixed by 
giving the overall baryon number density ng, and that of /xs by fixing the overall strangeness 
to zero. The value of /xq is fixed by the total baryon number B and the total charge Q. If 
B/2Q=1 the system is symmetric in isospin and the charge chemical potential will be zero : 



2 




Figure 1: Ratio of thermal pions to all pions (including pions from resonance decays). 



fiQ = 0. This is the case for S — S scattering but not for p — p and also not for Pb — Pb where 
B/2Q = and 1.5 respectively. For given values of T, \i B and /ig one tunes the remaining 
parameter, fig, in such a way as to ensure strangeness neutrality. An example is given in table 
1 where we show the relevant Boltzmann factors for different particles in the case of chemical 
equilibrium. If there is no chemical equilibrium the particle abundances are unrestricted and 
their normalizations are arbitrary. Dynamical models are then necessary to establish particle 



abundances |14[ . If the system is not in chemical equilibrium than there is no relation 
between different chemical potentials. In fact the number of chemical potentials necessary 
to describe the state of the system gives an idea of the degree of equilibration taking place. 
As perfect chemical equilibrium is of course an extreme case one would like to parametrize 
deviations from in a simple way. It has been known since a long time that there is a strangeness 
deficiency in p — p collisions, A qualitative analysis of this was done by Wroblewski [15 many 
years ago. The deviation from equilibrium can be parameterized by a quantity 75 [|T^, |T7]]. 
Recent estimates || give 75 ~ 0.5 in p — p collisions. In relativistic heavy ion collisions all 
estimates lead to a larger value 75 ~ 0.7 — 1.0. 

We believe that it is very important to establish whether or not chemical equilibrium has 
been reached. 
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Table 1 : Boltzmann factors for a hadronic gas with B/2Q = 1 in thermal equilibrium. 



3 Hadronic Ratios. 

3.1 Excluded Volume Corrections. 

In many cases one includes the hard core repulsive nuclear force in the statistical description 



by giving hadrons a proper volume. In many cases |L8], [L9[ the particle density is modified in 
a geometric way leading to the following form 



11 



11 ■ n- 

n 3 1 



In this case it is clear that the corrections due to the hard core repulsion cancel out in the ratio 
of different hadron species and one obtains 



This also holds for the excluded volume corrections considered in ref. jOJ (provided one uses 
the Boltzmann approximation) but not for the one considered in ref. [|J. 
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3.2 Superposition of Fireballs. 



Thermal models based on a single fireball produced in the center-of-mass of the collisions fail 
to reproduce the observed rapidity distribution. To remedy this one often considers that a 
distribution of fireballs is being produced. For a symmetric system like S — S or Pb — Pb 
it is a good start to consider a uniform distribution of fireballs along the rapidity axis but it 
could be more generally described by a function p(Y FB ) where Y FB is the rapidity of the fireball 
under consideration. The particle abundance resulting from such a distribution is obtained by 
integrating over all possible sources. The ratio of two hadronic species is thus given by 

th _ go dyjI Y dY FB P (Y FB ) d ^(y - Y FB ) 
n i /_* dyJ^ Y dY FB p{Y FB ) d -^{y - Y FB ) 

If all the fireballs have the same temperature and the same chemical potential then, after 
changing the order of integration, one obtains 

,0 (Y 



n? I-Y dY FB p(Y FB ) 
n 3 ~ n$ Sl Y dY FB p{Y FB ) 

as the integral over fireball distributions is the same in both cases, one obtains again 
and the effects cancel out. 



3.3 Transverse Flow 



Recent results from Pb — Pb collisions show that heavy particles like protons and deuterons 
have a much larger transverse momentum than light particles such as pions and kaons [[1], 
H, ||. Within the framework of thermal models this indicates that fireballs have flow in the 
transverse or at the very least have a random walk type of distribution in the transverse velocity 
plane. The hydrodynamic description has been extensively discussed in recent papers [f20| , ^jfl . 
The transverse momentum dependence can also be explained by assuming fireballs which have 
a gaussian distribution in the transverse rapidity. This can be due to either hydrodynamic 
expansion with flow in the transverse direction or to fireballs being produced with a random 



walk type of distribution in transverse rapidity 
flow it is helpful to have the following two analytic results 



For the discussion about transverse 
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3.3.1 Instantaneous Freeze-out 



If the system undergoes instantaneous freeze-out, the mathematical treatment simplifies consid- 
erably since no assumptions have to be made about the freeze-out surface. The velocity profile 
at freeze-out time can be arbitrary but the system should have the same freeze-out temperature 
everywhere. The expression for the particle abundance is given by : 



11; 



Jr dr J °° dp T m l T K x I ^ cosh y T j I (Pf sinh y T ) 



^ Jr dr J °° dp T m T K x {^^- cosh y T j J sinh y T ) 

Using the integrals given above in eqs. (9) and (10), we obtain 

n mf K 2 J r dr cosh?/ T 

n i K 2 Jr dr cosh y T 

so that all effects of flow cancel out in the ratio and we are left with the result 



Ui_ _ rv^ 
rij 



(11) 



(12) 



(13) 

A very similar cancellation also occurs in other models, e.g. the model that was recently 



considered in ref. [^] based on fireballs having a random walk type of distribution in the 



transverse direction leads to the same cancellation in the hadronic ratios. 



3.4 Bjorken scaling + Transverse expansion 

If freeze-out is not instantaneous an extra term appears in the expression for the particle 



spectrum 20, 21 
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where the partial derivative drpjdr has to be taken on the freeze-out surface, denoted by a in 
the equation above. After integration over mr (and only after this integration) one obtains 
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(15) 
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Figure 2: Particle ratios using data from the AGS at BNL. 



leading to the result 

dNj/dy _ iV° 

dNj/dy Nf 1 J 

This result is remarkable : in a model where the transverse spectra are severely distorted by 
transverse flow and the rapidity distribution has a plateau, the particle ratios are still given 
by the uncorrected Boltzmann distribution as if particles originated from a fireball at rest. 
Effects of hydrodynamic flow cancel out in the ratio provided the particle abundance has been 
integrated over transverse momentum. 



4 Results 

The above discussion has given us some confidence that the particle ratios can be used to deter- 
mine the temperature and the chemical potential in a given reaction. Comparison of hadronic 
abundances with thermal models has been done recently for p — p collisions || , for Si — Au 
0, [7j and Au — Au || collisions at BNL, and also for the preliminary results of the results 
from Pb — Pb at CERN. Each particle ratio leads to a band in the T, hb plane, (including the 
error bar) this gives rise to a region where the hadronic gas reproduces the measured numbers. 
If all the measured ratios have a common overlap region then one can conclude that the ex- 
perimental data are consistent with chemical equilibrium. The data from Brookhaven lead to 
T pa 100 — 120 Mev and a chemical potential which is surprisingly well determined /i£=540 
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Figure 3: Strange particle ratios using data from the WA85 collaboration. 

MeV. The CERN data give T « 180 MeV and a chemical potential which is substantially lower 
than the one from BNL fig « 200-300 MeV. A discussion of different break-up mechanisms has 
been presented in |^4|, ^5], ^ . 



5 Conclusions 

One of the important parameters in the description of relativistic heavy ion collisions is the 
temperature. We have argued that the best way to determine directly the temperature is to 
consider ratios of hadronic yields that have been integrated over transverse momentum. In such 
a ratio many effects (e.g. flow) cancel out. A surprisingly large number of hadronic abundances 
can be explained in this way with a temperature which is around 180 MeV for data obtained 
from S — S collisions at CERN and around 110 MeV for data from the AGS. One conclusion 
forces itself upon us : there is nothing strange about strangeness. 
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